ABSTRACT Experimental interspeciÞc hybridization between the notorious, worldwide horticultural crop pests Liriomyza trifolii (Burgess) and Liriomyza sativae Blanchard is reported. Premating reproductive isolation was easily disrupted under no-choice crossing conditions; hybrid ßies were obtained only in one mating combination (female L. sativae ϫ male L. trifolii). Crosses between them yielded only female progeny, which had some superÞcial characters identiÞed as L. sativae, but the shape of the genitalia was similar to that of L. trifolii. All of the F1 hybrids were sterile and could not be backcrossed to either parental species. An electrophoretic analysis of internal transcribed spacer region sequences on ribosomal DNA genes and a nucleotide sequence analysis of mitochondrial DNA cytochrome oxidase subunit I DNA sequences conÞrmed that the progeny were not the result of parthenogenetic reproduction.
Liriomyza trifolii (Burgess) and Liriomyza sativae Blanchard are multivoltine and highly polyphagous leafmining species that are regarded as notorious pests of many horticultural crops. They are closely related, with similar genitalic morphologies (Spencer 1973; Iwasaki et al. 2000 Iwasaki et al. , 2004 , life histories, and host ranges (Iwasaki et al. 2000) . Although they originated in the Americas, the two species have become distributed worldwide through human activity. In Japan, invasions of L. trifolii and L. sativae were recorded in 1990 (Saito 1992 ) and 1999 (Iwasaki et al. 2000 , respectively. Within only a few years of the Þrst report of L. sativae in Japan (Iwasaki et al. 2000) , this species displaced L. trifolii to become predominant on some major horticultural plants (e.g., beans, eggplant, and tomato) (Abe and Kawahara 2001, Tokumaru and Abe 2003) .
The opposite, L. trifolii displacing L. sativae, was reported in California in the early 1980s (Trumble and Nakakihara 1983, Reitz and Trumble 2002a) , with the displacement being due to susceptibility to insecticides (Reitz and Trumble 2002a) . More recently, a similar displacement (L. trifolii with L. huidobrensis) was reported in central California (Reitz and Trumble 2002b) . In southern California, both species coexist at sufÞcient population densities, whereas in central California, L. huidobrensis displaced L. trifolii in the 1990s. A comparison of the host preferences of the two populations of L. trifolii found a marked host preference in females of the latter population for bell pepper as the copulation and oviposition host plant. On other host plants in central California, L. huidobrensis was predominant. The authors discussed the fact that the populations of L. trifolii in the two areas were different biotypes. However, the reason for the decrease in the L. trifolii population remains unclear.
In Japan, the southern stink bug, Nezara viridula (L.), invaded the main islands and displaced Nezara antennata Scott during the early 1950s (Kiritani and Hokyo 1970) . The displacement was attributable not only to a difference in fecundity between the two species but also to frequent interspeciÞc copulation (Kiritani and Hokyo 1970) . Due to the low fecundity of N. antennata, their relative population density declined greatly within a few generations, making it increasingly difÞcult for them to Þnd a conspeciÞc mate. Thus, frequent copulation with N. viridula, which has a higher fecundity, became unavoidable, although interspeciÞc mating produced no offspring.
The predominant Liriomyza species in Japanese populations is L. sativae. A few L. trifolii can be found in certain areas of Japan during the summer; occasionally, L. trifolii can be found during the fall, winter, or spring in greenhouses where chrysanthemum, eggplant, or some kinds of Chinese cabbage are cultivated. However, in contrast to California, there are no adjacent areas in which L. trifolii occurs continuously. Thus, we thought that interspeciÞc mating might play a major role in the displacement of Japanese Liriomyza, in a manner analogous to the stink bugs. Regardless of whether reproduction is successful, mating between two species can affect the population dynamics of both species.
We conducted interspeciÞc mating experiments with reciprocal combinations, male L. sativae ϫ female L. trifolii and female L. sativae ϫ male L. trifolii, to examine the rates of reproductive success, and we reared the hybrid offspring to determine the properties of the progeny. Moreover, we applied electrophoretic and DNA sequencing techniques to analyze the hybrids to conÞrm that the putative interspeciÞc progeny were not the result of parthenogenetic reproduction.
Materials and Methods
We used a laboratory-reared strain of L. sativae that originated from Ϸ50 larvae captured on tomato and cowpea leaves in Kagoshima; 20 Ð 40 generations had been reared on the primary leaves of kidney bean at 25ЊC. L. trifolii was from a laboratory strain from the agricultural experimental station in Kagoshima. These insects also had been reared for 20 Ð 40 generations as described above. For the interspeciÞc mating experiments, we used unmated individuals within 12 h of adult eclosion.
For no-choice mating, two cages were made from transparent plastic cups (430 ml, 7.8 cm in height) that were covered with a white net sleeve (24 cm in width, 40 cm in length, 0.1-mm mesh size) Þxed by a rubber band. The sleeve was hung near a lamp by its upper end, which was closed with a rubber band to avoid ßy escape. Three red kidney bean buds with six primary leaves were cultured in a cup, and the cup was replaced everyday, taking care to prevent ßy escape. The experimental conditions in a cage were 24 h of light and 25ЊC. Each of the two cages contained a different interspeciÞc mating combination, and the experiment was conducted with three replications (Table 1) .
We counted the numbers of eggs, unhatched eggs, larvae, unpupated larvae, and pupae. For counting unhatched eggs, we used the egg staining technique described in Parrella and Robb (1982) . We also checked developmental duration and the sex ratio of the eclosing adult ßies at 25 and 27ЊC. Developmental duration of the hybrid progeny was compared with that of the parental species (Sakamaki et al. 2003) , which were collected simultaneously from same chambers at 25 and 27ЊC. Hybrid progeny by interspeciÞc mating were used for backcrosses to each parent species to examine fertility. We introduced Þve female progeny and Þve males of a parental species into the sleeve cages described above. We replicated the backcross combinations (hybrid progeny ϫ L. sativae, and ϫ L. trifolii) three times.
The morphological traits of the hybrid progeny and the parental species were compared using an anatomical binocular microscope (4 Ð164ϫ). Slide preparations of genitalia were observed. To remove the female genitalia from the abdomen, 20 Ð50 females were killed with DDVP pesticide or by freezing (Ϫ10ЊC) and then soaking in 10% hydrogen peroxide solution with a few drops of a surfactant (polyoxyethylene alkyl ether). In this solution, a gas was generated inside the female abdomen; when the pressure became great enough, the female genitalia everted. Some of the females with everted genitalia were soaked in 5% potassium hydroxide at 60ЊC for 1 h and then in lactic acid at 60ЊC for 2 h. After this chemical treatment, the females were mounted on a glass slide with glycerol. Terminology of genital morphology was according to Spencer (1987) .
In a similar mating experiment, we enclosed only one pair (male and female) of each interspecies mating combination in the cages to determine the net reproductive rate and to examine the genetic relationship between the two parents and the hybrid progeny. Fifteen replications were performed for each combination, and all the parent ßies were stained in acetone. Two pairs of one combination (female L. sativae ϫ male L. trifolii) oviposited fertilized eggs, which we reared to adult ßies and stained in acetone.
DNA was extracted from a single adult, which was crushed with a plastic rod in 30 l of a Tris-EDTA buffer (5 M NaCl, 500 nM EDTA, pH 8.0, 1 M TrisHCl, pH 8.0) and a 5% Chelex-100 (Bio-Rad, Tokyo, Japan)/sterile water solution. The mixture was incubated with 2 l of proteinase K (20 mg/ml) for at least 2 h at 56ЊC; the homogenates were boiled for 3 min to inactivate the proteinase K and used as templates for polymerase chain reaction (PCR). PCR was performed in a 50-l reaction volume (1.5 U of Taq polymerase, Applied Biosystems, Tokyo, Japan), 0.5 l of 20 nM dNTPmix, 400 nM forward and reverse primers, 5 l of 10ϫ PCR buffer, 0.5 l of 25 nM MgCl 2 , 0.3 l of DNA template, and sterile water) and was carried out in an ABI thermal cycler (PCR System 9700 or 2400, Applied Biosystems) with the following program: an initial denaturing step at 92ЊC for 1 min, 35 cycles of 92ЊC for 1 min, an annealing step for 1 min, 72ЊC for 1 min 30 s, and a Þnal extension step of 72ЊC for 1 min. Commonly used primers were used to analyze the DNA sequences. Primers cytochrome oxidase subunit I (COI 1) (5Ј-CTT TAT CAA CAT TTA TTT TgA TTT TTT-3Ј) and cytochrome oxidase subunit II (COI 2) (5Ј-TAC TCC AAT AAA TAT TAT AAT AAA TTg-3Ј) (Hoshizaki and Shimada 1995) were used with an annealing temperature of 53ЊC to amplify the region of the mitochondrial COI. Primers ITS4 Ð5Ј(5Ј-TCC TCC gCT TAT TgA TAT gC-3Ј) and ITS5 (5Ј-ggA AgT AAA AgT CgT AAC AAg g-3Ј) (White et al. 1990 ) were used with an annealing temperature of 58ЊC to amplify the internal transcribed spacer (ITS) region. Successful ampliÞcation was determined by the electrophoresis of 5 l of the PCR mixture on a 1% agarose gel (1ϫ TAE), staining with ethidium bromide, and observation under an UV transilluminator. AmpliÞed products were ligated into Promega T-easy Vector (Promega, Tokyo, Japan). The colonies identiÞed as containing the fragment of interest were isolated and cultured in 2 ml of LB medium with ampicillin; the puriÞed vectors were directly sequenced using SP6 and T7 sequencing primers. From the medium, the puriÞed plasmid (50 l) was eluted using a QIAprep-Spin Miniprep kit (QIAGEN, Tokyo, Japan). Also, the sequencing of some of the PCR products was performed by the direct sequencing method. A labeled dye terminator cycle sequencing reaction was conducted with the BigDye DNA Sequencing kit, version 3.0 (Applied Biosystems). Reaction products were analyzed using an ABI PRISM 310 genetic analyzer (Applied Biosystems). The partial sequences were edited and connected using a sample manager (Applied Biosystems). The sequences were aligned using the ClustalX program, as reported by Thompson et al. (1994) with manual modiÞcations, and then the sequences were translated into PAUP* version 4.0b10 (Swofford 2002). Neighbor-joining trees were constructed with 1,000 bootstrapping repeats.
Results
Interspecific Mating, Oviposition, Survival Rate, and Developmental Period. For both mating combinations, we found copulating pairs within 10 min of beginning the experiment. Although both mating combinations oviposited, the progeny hatched only in one mating combination, female L. sativae ϫ male L. trifolii. The numbers of oviposited eggs, hatching larvae, pupate larvae, and eclosing adults are shown in Table 2 .
The mean total developmental period of the progeny that were oviposited by the interspecies combination was 16.5 d at 25ЊC and 13.4 d at 27ЊC (Table 3) , which is nearly the same as those of L. sativae in Sakamaki et al. (2003) . All of the eclosing hybrid progeny were female. The morphological characters of these progeny were superÞcially the same as those of light-colored L. sativae individuals with respect to some discriminating characters: the shining black mesonotum and the outer vertical setae occurred on black or brown (Fig. 1B) . In addition, the shape of the female terminalia of the hybrid progeny was similar to that of L. trifolii. The proctiger (i.e., the ninth and 10th abdominal segments) of the female Liriomyza has two ßattened, lobated cerci at its end. In the L. trifolii female, the proctiger is wide, and cerci are mutually isolated (Fig. 2A) ; the ratio of the between-cerci width (BCW) to the proctiger width (PW) is 0.34:0.47. In L. sativae, the proctiger is narrow, and cerci are mutually closed (Fig. 2B) ; the ratio of BCW/PW is 0.17:0.32. The female proctiger of the hybrid progeny had mutually isolated cerci at its proximal end (Fig. 2C) , and a ratio of BCW/PW of 0.37:0.42, as does L. trifolii. These shape variations are summarized as a scatter plot between PW and BCW (Fig. 3) .
Backcross Experiments and Fertility of Hybrid Progeny. All of the eclosing hybrid progeny were female. We placed these females in two mating cages with males of each parental species and observed their behavior and oviposition. Although the progeny females mated with parental males of both species, they did not oviposit.
DNA Analyses to Confirm Parent-Progeny Relationships. The mitochondrial DNA sequences were identical between the hybrid progeny and L. sativae mothers, but there were differences between the sequences of the hybrid progeny and L. trifolii fathers, indicating that the mitochondria of the progeny originated from the L. sativae mothers. The electrophoretic analysis of the PCR products of the nuclear rDNA ITS region revealed that some of the bands shared among Þve progeny were the same as bands identiÞed from the L. trifolii father (Fig. 4) .
Discussion
Only the mating combination of female L. sativae ϫ male L. trifolii resulted in eggs that hatched and produced progeny. This directional mating did not reßect the directional copulation, because we found some copulating pairs for both mating combinations. There was additional evidence that the reciprocal mating combination, female L. trifolii ϫ male L. sativae, produced hybrid progeny that grew to adult ßies, although the tested populations were originated from other areasÑL. trifolii from Okinawa Island and L. sativae from Kyoto, Japan (Tokumaru and Abe 2005).
The electrophoretic and DNA sequencing analyses revealed that the progeny were not the result of parthenogenitic reproduction. Thus, the two parental species must be closely related. The directional mating observed in this study might have been governed by the properties of the tested populations and not necessarily by the properties of the species.
The developmental rate and the adult superÞcial morphology of the hybrid progeny were almost the same as those of L. sativae. However, the female terminalia of the hybrid progeny seemed to be similar to those of L. trifolii, or to be intermediate between the female terminalia of the two parental species. If the shape of the terminalia affects mating, a hybrid female might be physically more acceptable to L. trifolii males than to L. sativae males. We have no explanation for the phenomenon that all the emerged hybrid progeny were female. The sex ratio should occur according to HaldaneÕs rule (Haldane 1922) , because the sex chromosome of Liriomyza is a male heterotypic XY (Block 1976) . It seems that death of male offspring occurred during the embryonic stage, because the egg hatch rate of the hybrid generation was almost 50%. In the backcross experiments, the hybrid progeny copulated with males of both parental species, but the females did not oviposit with either combination. Sterility was not attributable to a modiÞcation of female genitalia, but it might have been caused by undeveloped ovaria (M. Takahashi, personal communication). If interspeciÞc mating and the resultant progeny occurred frequently in natural Þeld populations, the population dynamics of both parental species would be affected. Tokumaru and Abe (2003) reported that the fecundity of L. sativae was higher than that of L. trifolii in a Japanese population. If the overwintering population densities of the two species were initially the same, after several generations the relative density of L. trifolii might decrease signiÞcantly. Thus, L. trifolii might be unable to Þnd a conspeciÞc mate, and if interspeciÞc mating were to occur frequently in Þeld populations the density of L. trifolii would decline at an increasing rate. It was necessary for the California population of L. trifolii to have higher fecundity to explain the rapid displacement that occurred in California in 1980s by interspeciÞc mating. The fecundities of two species could be reversed between Japan and California, if their fecundities were not a species-speciÞc trait but instead population-speciÞc, or if the major host plants (crops) for increasing Þeld populations are different between these areas.
